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The medium modihcation of mesons in dense hadronic matter is discussed with a focus 
on the relationship to the chiral structure of the non-perturbative QCD vacuum. 

1. INTRODUCTION 

One of the fundamental questions in strong interaction physics concerns the generation 
of mass in the sector of hght quarks. How can nucleons with a mass of roughly 1 GeV 
arise from up and down quark masses of less than 10 MeV? The answer hes in the non- 
perturbative structure of the QCD vacuum itself in which quarks and gluons condense. 
This is in marked contrast to the heavy-quark sector where the masses of the hadrons are 
determined by the quark masses themselves. These, in turn, are set at the electroweak 
scale through the Higgs mechanism. 

When nuclear matter is subjected to extreme conditions in density and temperature 
such as in the interior of neutron stars or in central relativistic heavy-ion coUisions, the 
QCD vacuum will be altered, eventually leading to the liberation of the elementary con- 
stituents in a new state of matter, the 'quark gluon plasma' (QGP). Such a restructuring 
of the vacuum must be accompanied by signihcant changes in the spectral properties of 
hadrons, commonly called 'medium modifications'. Here mesons are of particular im- 
portance, since they constitute the 'elementary' qq excitations of the vacuum and hence 
serve as experimental probes of the underlying vacuum changes. For the structure of light 
mesons chiral symmetry and its spontaneous break-down plays a decisive role as is well 
established from lattice QCD simulations The physical mechanism for spontaneous 
symmetry breaking and mass generation is provided by instantons which largely saturate 
the euclidian gauge-field action 0. These induce effective quark-(anti)quark interactions 
which are strong enough to cause a BCS-like transition to a gg condensate. As a result 
a mass gap appears, the 'constituent quark' mass of ~ 300-500 MeV. It has been demon- 
strated that this picture yields an excellent description of hadronic correlation functions 
and hence forms the basis for a variety of approaches to deal with medium modifications. 
An obvious starting point is NJL-type models where the instanton-induced interaction 
is assumed to be point-like. They are very successlul in describing mesonic spectral func- 
tions, especially when treated beyond the mean-field approximation 0] . Such calculations 
are very demanding but finally lead to results in accordance with 'effective theories' (such 
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as the vector dominance model (VDM) ^]) in which hadronic helds feature as the ele- 
mentary degrees of freedom. It is more 'economical' to start with those from the outset, 
especially when deahng with 'precursor' phenomena of the QGP transition. This strategy 
will be followed in the present contribution. 

2. CHIRAL EFFECTIVE THEORY AND CORRELATORS 

The spontaneous breaking of chiral symmetry has two important consequences. One 
is the appearance of massless Goldstone bosons and the other is the absence of parity 
doublets in the hadron spectrum {171^ 7^ m^g^nip 7^ rriai etc). For the present discussion 
the second will be more relevant. Chiral symmetry does, however, more than just predict 
the existence of Goldstone bosons. It also prescribes and severely restricts their mutual 
interactions as well as those with other hadrons. This forms the basis for constructing 
'chiral effective theories'. 

The formal starting point are the pertinent quark currents 



which are identified with elementary h.a.dTomc tields 0i(x). One then writes down the most 
general effective Lagrangian, consistent with the underlying symmetries and anomaly 
structure of QCD. Relevant examples are the linear- or nonlinear sigma model, gauged 
sigma models, etc. 

The physical information about hadronic spectral properties and their in-medium modi- 
fication is contained in the current-current correlation functions Di{x) oc {Ji{x) Ji{0)) . In 
terms of the elementary hadronic fields and for matter in thermal and chemical equilibrium 
they are given by the (retarded) momentum-space Green's function 



where the average is taken in the grand canonical ensemble. All information about the 
physical excitations of the medium is contained in the spectral function 



In the first step the parameters of the chiral Lagrangian are adjusted to reproduce the 
vacuum properties of the hadronic correlators in question (mass, width..) as well as 
possible. Here either perturbative, or in some cases, non-perturbative methods 0] are 
used. Once the vacuum model is fixed, the medium modifications can be predicted with 
a good degree of accuracy. 

3. MESONS IN THE HADRONIC MEDIUM 

3.1. Chiral Condensate evoIution 

With increasing density (baryo-chemical potential fiq) and temperature T the quark 
condensate will diminish and eventually vanish, thus restoring chiral symmetry. For 
hadronic matter in equilibrium the QCD partition function is given by 
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where A''^ is the quark number operator and /jg the quark chemical potential. The quark 
condensate {{qq)) can be directly inferred from the free energy density in the thermody- 
namic hmit 

nQCD{T,fx,) = - hm ^\nZQCD{V,T,i^,) as {{qq)) = ^^^^g^^^' ^'^) , (5) 

where m° denotes the current quark mass. 

In the broken phase, the obvious first step is to approximate the free energy density by 
an ideal gas of hadrons. The resulting in-medium condensate then becomes 

{{m)) _ . ^hQi{T,flg) _^0^^ /RN 

{m) t f>l ' 'dml 

where denotes the scalar density of hadrons and m^ their vacuum mass. At low 
temperature and small fiq in which the hadron gas is dominated by thermally excited 
pions and a free Fermi gas of nucleons, Eq. leads to the model-independent leading- 
order resuh 

{qq) 8/^ po 

where po = 0.16/fm^ is the saturation density of symmetric nuclear matter. Thus the 
mere presence of an ideal gas of hadrons aheady alters the vacuum and leads to a decrease 
of the condensate, without changing the vacuum properties of the hadrons! Obviously 
medium-modifications and the corresponding non-trivial change of the QCD vacuum have 
to involve hadronic interactions. They become increasingly important as the matter grows 
hotter and denser, i.e. as the point of chiral restoration is approached. The theoretical de- 
scription involves more and more degrees of freedom, which severely limits the description 
in terms of elementary hadronic fields near the phase transition. 

3.2. Fluctuations of the chiral condensate 

Being dependent on the renormalization scale, the chiral condensate is not observable. 
However, the fiuctuations (((gg)^)) — {{qq))'^ are. They correspond to the scalar (chiral) 
susceptibility and are given as the second derivative of the free energy density 

X. = im?)) - mr- = (») 

w.r.t. to the current quark mass. To make contact with the hadronic spectrum we consider 
the bilinear scalar quark current J+ = qq. From the corresponding correlator 

D+{u;,q)=i |rf^x^(xo)e^^^(([(J+(x), J+(0)])). (9) 

the scalar susceptibility is obtained as the 'polarizability sum rule' for the scalar spectral 
function A^{(jJ, q): 



X+= / dujA+{uj,q = Q) , (10) 
and hence relates to the properties of the scalar /0 meson in the medium. 
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From direct lattice simulations it is established that QCD with two flavors and vanishing 
fiq exhibits a second-order phase transition in the chiral hmit . The transition at T = 
but hnite fiq is not as well understood, since it cannot be simulated on the lattice, due to 
complex fermion determinants. Model calculations indicate however that it may be hrst 
order at several times po- As a second- or weak hrst-order phase transition is approached 
the Auctuations of the order parameter become large. A measure for the growth are 
the appropriate susceptibilities which, in a second-order transition, diverge with critical 
exponents that are determined by universal behavior. The approach to criticality in the 
case of two-flavor QCD is clearly seen on the lattice 0. 

Pollowing the suggestion in ref. |^ that two-flavor QCD lies in the same universality 
class as the 0(4) Heisenberg model we can use the linear sigma model to asses the chiral 
huctuations in the hadronic medium. In this case the scalar correlator in Eq. (|^) is 
identihed with the in-medium cr-propagator: 



D+ = D^ico,q) = i d^xe'^'^e{x^){{[a{x),a{Q)])) . 



(11) 



Applying a low-density expansion for the in-medium condensate according to Eq. (|^ 



((a)) = (a)$(p); $(p) = l-a^ 

Po 



(12) 



together with pionic loop corrections the results depicted in Fig. |I] predict a dramatic 
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Pigure 1. The imaginary part of Dfj{uj,0) [|l^] at nuclear saturation density for various 
values of a, the parameter that controls the linear density dependence of ((cr)) (Eq. |^). 



near-threshold enhancement of the a spectral function already at po (corresponding to 
$(p) ~ 0.7 — 0.8). It should be noted that this effect is also found in the non-linear 
realization of chiral symmetry [11| and is therelore generic. 

What are the experimental signatures? Since the a meson strongly couples to two-pion 
states an obvious experiment is the production of two J = I = pions near threshold in 
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nuclei. Such experiments have been conducted by the CHAOS collaboration at TRIUMF 
using an incident Tr"*" beam on various nuclear targets [|1^] identifying charged pions in 
the final state. A second experiment is by the Crystal Ball (CB) collaboration at BNL 
with an incident tt^ beam [|13| detecting a tt^ pair in the final state through coincident 
decay. For the invariant mass distribution of the produced pion pair both measurements 
consistently observe a signihcant reshaping as function of mass number as indicated in 
Fig l^. Here the composite ratio 



■/ 



a 



N 



cr. 



(13) 



is displayed, where (T^(M^^) 
nucleus (nucleon), while a^ 



(^^(M, 



[a 



)) denotes the invariant mass distribution in the 
is the corresponding total cross section for the tt^tt 



process. The various curves in the left panel of Fig. y refiect the theoretical predictions. 
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The composite ratio for Figure 3. The composite ratio for var- 

ious nuclear targets [|l^ . 



The full and dotted [|T^] lines only include contributions from p-wave modihcations of 
the pion propagator while the dashed-dotted line [|l^] only considers the dropping of the 
a mass without dressing the pion loop. Finally the dashed hne [|T0| includes both effects 
and gives a reasonable description of the data. 

3.3. The p meson and Dileptons 

The p meson is featured as a prominent resonance in the e~^e~ annihilation cross sec- 
tion and therefore plays a central role for dilepton production in heavy-ion collisions at 
invariant masses below lGeV. In general, the production rate is given in terms of the 
in-medium electromagnetic current-current correlation function as 



dR 



i+i- 



f{qo)mmD^;:^; (^, q) = d'x e^^^^ei^o^iHr^^i^), 7^(0)])) (14) 
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where L^^^ denotes the lepton tensor and /(g^o) is a thermal Bose factor. Invoking vec- 
tor dominance, the hadron tensor D'^^^ directly relates to the in-medium properties of 
the p meson and can be evaluated in the VDM. Two important medium effects can be 
identitied. The first is the modification of the intermediate two-pion state to which the 
p meson strongly couples. Here proper care has to be taken to ensure gauge invariance. 
The second is a direct couphng to baryonic resonances, most prominently the A^*(1550) 
resonance. The inclusion of both effect leads to a large broadening of the spectral func- 
tion at high density and temperature and results in a dramatic reshaping of the dilepton 
rate as indicated in the left panel of Fig. Once the local rate is space-time evolved 
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Dilepton rates: the left panel displays the theoretical prediction at T 
= 3/ig=452 MeV [T^ while the right panel shows a comparison 
measured rates of the CERES coUaboration pTl . 
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through a realistic fire ball expansion until thermal freeze out, and detector acceptances 
and background rates from Dalitz decays are properly accounted for, the resulting rates 
compare favorably with the measurements of the CERES collaboration at the CERN 
SpS (right panel of Fig. ^). Also the transverse spectra are well reproduced. 

The connection to the restoration of chiral symmetry is not apparent, however. This 
requires a simultaneous evaluation of both the vector- and axialvector correlator. In the 



vacuum and in the chiral limit both are related by two 'Weinberg sum rules' |]22 



ds{pl.{s)-p°As)) = f^; dss {p°y{s) - P°a{s)) = (15) 



where the first directly links the vacuum spectral functions to /^r, the order parameter 
of chiral symmetry restoration. Similar sum rules also hold in the hadronic medium p3 
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and serve as an important constraint of models that intend to properly implement chiral 
symmetry in the correlators. One such model has recently been proposed in ref . |^ . The 
starting point is the hnear sigma model (a non-hnear reahzation of chiral symmetry could 
also be chosen). Combining the p- and tields as chiral partners 



(16) 



one then writes down the most general Lagrangian consistent with glohal chiral symmetry 
to a given order in the derivative couphng. This introduces a set of bare parameters to 
be determined from the vacuum phenomenology, in particular the measured vector- and 
axialvector spectral functions. In the one-loop approximation one can achieve an e^cehent 
description of the pion electromagnetic form factor, p-wave tttt phase shifts, e^e~ cross 
sections and r-decay The extension to hnite temperature is straightforward and 

results in the spectral distributions displayed in Fig. ^ for the chiral hmit. At high 
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Figure 5. The temperature dependence of the vector spectral lunction (left panel) and 



the axialvector spectral lunction (right panel) in the chiral limit [25 . 



temperatures a signihcant reshaping of the strength distribution is observed, especially 
at low energy. Nonetheless the p and ai peak remain present, even in the vicinity of 
the phase boundary. The parameters of the model Lagrangian can be easily adjusted so 
that, at tree level, the p-meson mass is proportional to the chiral condensate ((o")). This 
is the scenario of 'Brown-Rho scaling' |^6[|. To one-loop order, however, it can be proven 
analytically that the pole mass of the p meson remains unchanged to order and only 
receives contributions of order and higher hence invalidating the 'Brown-Rho scenario'. 



4. SUMMARY 



Based on general considerations of spontaneous breaking of chiral symmetry and its 
restoration in hot and dense hadronic matter we have discussed the in-medium properties 
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of (7- and p mesons. The former relate to the increased fluctuations of the chiral order 
parameter which are accessible through measurements of s-wave isoscalar two-pion correla- 
tions in nuclei. Interesting near-threshold enhancements in the invariant-mass distribution 
are observed in tt^tt reactions, which can be interpreted as a signal of the partial restora- 
tion of chiral symmetry. The p meson and its medium moditication plays an important 
role in the dilepton production in relativistic heavy-ion colhsions. Reahstic calculations 
of the spectral function in a hot and dense fireball indicate a significant broadening due 
to coUisions with baryons and mesons and explain the observed production rates. The 
relation to chiral symmetry is not obvious, however. To address this issue one has to 
consider the vector- and axialvector correlators simultaneously. Invoking global chiral 
symmetry in constructing a chiral Lagrangian from elementary o", tt, p and Oi fields it can 
be shown that, in the chiral limit, there is no direct relationship between the pole mass 
of the p meson and the chiral condensate. 
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